Electric defibrillation is a life-saving therapy for clinically dangerous ventricular arrhythmias. Unfortunately, direct-current (DC) shock treatment often induces or worsens other tachyarrhythmias. The adverse effects of electric shock delivered to human ventricular cardiomyocytes are not fully understood. This study thus uses computer simulation to investigate the pathogenesis of the electrophoresis in epicardial and endocardial human tissue. The O'Hara-Rudy dynamic human ventricular cell model incorporated with Ohuchi's mathematical DC shock model is used. The effect of electroporation is described as a transmembrane pore, mimicking the reversible breakdown of the cell membrane. The aftershock effects on epiardial and endocardial ventricular cardiomyocytes are evaluated. The effects of delivering shock from the endocardium and epicardium using a multicellular one-dimensional strand model are also investigated. Ventricular tachycardia can be terminated by a low-strength shock to endocardial cardiomyocytes. However, an excessively strong shock to epicardial cardiomyocytes induces early afterdepolarization and is arrhythmogenic. The aftershock effect of the electroporation is serious for epicardial ventricular myocytes. The optimization of defibrillation energy delivery to the maximum membrane potential and the pathogenesis of the aftershock effect during ventricular tachycardia are also investigated. The aftershock effect of electroporation is more serious in epicardial cells than it is in endocardial cells. It is suggested that the DC shock be delivered to endocardium cells before the maximum membrane potential of the epicardial cell in a multicellular one-dimensional strand model is reached, which is before the electrocardiogram R wave spike.
Introduction
It is estimated that more than 3 million lives are lost prematurely due to sudden cardiac death [1] . Most of these deaths are caused by unstable ventricular tachyarrhythmias, especially in patients with heart failure and left ventricular systolic dysfunction [2] [3] [4] . However, a dramatic reduction in the incidence of sudden cardiac death, especially the incidence of out-of-hospital cardiac arrest from ventricular fibrillation, has been noted during the past two decades [5, 6] . Most of these improvements are a result of better coronary artery disease management and the prophylactic insertion of implantable cardioverter defibrillators [7, 8] .
Electric shock application across the heart by an external cardioverter defibrillator or an implantable cardioverter defibrillator is a life-saving procedure and can effectively terminate ventricular arrhythmias. Unfortunately, shock treatment might also induce or worsen other tachyarrhythmias [9] [10] [11] [12] . The adverse effects of electrical shocks delivered to ventricular cardiomyocytes and myocardia are not fully understood. The effect of electroporation to different layers of myocardia also deserves further examination. In order to evaluate and determine the effects of direct-current (DC) shocks to the human heart, the present study uses the O'Hara-Rudy dynamic (ORd) human ventricular cell model as the core equation for one-dimensional fibers [13, 14] . The effect of electroporation has been described as a transient transmembrane pore which mimics the reversible breakdown of the cell membrane after DC shock [15, 16] .
The present study evaluates the effects of DC shock delivered to the epicardial and endocardial human ventricular cell model. The results are used to determine the electrophysiological effect of defibrillation on the human heart and optimize the timing for delivering shock treatment during ventricular tachycardia (VT).
Materials and methods

Single ventricular myocyte cell model
DC shock simulation has been conducted using the ORd human ventricular action potential (AP) model [13] . Ventricular myocyte (VM) AP was mathematically constructed to include ionic currents, ionic pumps and exchangers, and processes regulating intracellular concentration changes of Na theses ion currents such as I Na , sodium current; I to , transient outward potassium current; I CaL , L-type calcium current; I Kr , rapid delayed rectifier potassium current; I Ks , slow delayed rectifier potassium current; I K1 , inward rectifier potassium current; I NaK , sodium/potassium ATPase current; I pore , and other currents; all ionic currents are expressed in μA/μF. Therefore, the ORd model was applied for studying DC-shock-induced aftereffects in both epicardial and endocardial cells. To compute APs, the Rush and Larsen numerical method with an integration time-step size of 0.001 ms was used [17] . A transmural wedge model has been constructed to compute pseudo-electrocardiograms (pseudo-ECGs) [14] .
Multicellular one-dimensional strand model
The transmural heterogeneities of ion channel densities have been incorporated in a theoretical strand with a total length of 1.65 cm, consisting of 165 ORd model cells representing endocardial (cells 1 to 60), mid-myocardial (cells 61 to 105), and epicardial (cells 106 to 165) cells [13, 14] . Throughout the strand, gap junction conductance is set to be homogeneous, except for a 5-fold decrease at the mid-myocardium-toepicardium transition region (cells 104 to 107) [14] . Thus, cellto-cell coupling provides a gap junction conductance of 1.73 μS. The stimulation protocol and construction of pseudo-ECGs used here are in accordance with those used by Gima and Rudy [13, 14] . The Rush and Larsen numerical method [17] is used to compute pseudo-ECGs with an integration time-step size of 0.005 ms.
Modeling of DC shock
A Goldman-Hodgkin-Katz equation is used to construct the mathematical expressions for a small pore to mimic the effect of electroporation as formed instantaneously at the onset of a DC shock application. To simulate the resealing process of the cell membrane, the pore size occupies the total cell area maintained during the 10-ms shock (S2) and is then attenuated by a single-exponential function with a certain time constant (τ pore ) [15, 16] . The equations are as follows: 
Study protocols
Simulation was first carried out to determine whether DC shock interactions between simulated left ventricular endocardial and epicardial VMs and simulated shock-induced aftereffects comparable to those described by Ohuchi et al. could be produced [15] . VMs were stimulated at cycle lengths of 1000 ms and 250 ms with a rectangular current pulse of -80 μA/μF and a 0.5-ms duration for 100 stimuli (S1). The membrane potentials and transmembrane currents of the cells were then recorded. The pore formation for mimicking the DC shock (S2) was carried out at the plateau phase and was on the 99th beat of S1-induced AP. A shock (S2) was applied at the maximum AP (V max ). The maximum pore sizes (s pore ) were 0.15%, 0.17%, 0.20%, and 0.25% of the total geometric VMs, and the randomly matched resealing time constant (τ pore ) was 2400 ms; when s pore was fixed 0.23% and coupled τ pore were 100, 400, 1600, and 4000 ms, respectively [15] .
The timing of shock-induced aftereffects was investigated at the endocardial (1st cell) or epicardial (165th cell) VM to understand the electrically triggered early afterdepolarization (EAD) or arrhythmia termination under various strength shocks in transmural wedge strands with a consecutive 30 beats.
To mimic VT [18] [19] [20] , stable rapid pacing rates were used: 1) cycle length (CL) of 250 ms with 100 consecutive stimuli were applied to a single cell model; 2) CL of 350 ms with 30 consecutive beats was applied to a one-dimensional strand model. The termination of VT is described as the interrupted progression of stable pacing. For instance, the DC shock was applied at the 99th beat to the epicardial or endocardial myocytes, resulting in an incomplete AP for the 100th beat (final beat).
Results and discussion
Validation of simulation model
Normal human ventricular epicardial and endocardial VMs of the ORd model [13] were used here to study the shockinduced aftereffects on membrane potential. The obtained results are similar to those reported by Ohuchi et al. [15] . At a pacing CL of 1000 ms in the endocardial cell, a shock (S2) was applied at V max with a τ pore value of 2400 ms. The DC shocks (S2) were applied to the VM with s pore values of 0.15%, 0.17%, 0.20%, and 0.25%, which resulted in a lengthening of the AP duration (APD) at 90% repolarization (APD 90 ) from the basal value of 278.44 ms to 2084.3, 2403.96, 2816.98, and 3393.51 ms, respectively ( Fig. 1(a) ). Similarly, a DC shock (S2) was applied to the epicardial cell at the same pacing CL with the same τ pore value. The DC shocks (S2) were applied to the VM with s pore values of 0.15%, 0.17%, 0.20%, and 0.25%, which resulted in the lengthening of APD 90 from the basal value of 244.74 ms to 1454.64, 1814.17, 2227.15, and 2780.52 ms, respectively. The EAD-like potential change (single spontaneous excitation) depends on the high value of s pore , as shown in Fig. 1(b) . A DC shock (S2) was applied to the endocardial cell with the s pore value fixed at 0.23%, and τ pore values of values of 100, 400, 1600, and 4000 ms, which resulted in the lengthening of VM APD 90 from the basal value of 278.44 ms to 303.79, 536.31, 2101.45, and 5533.01 ms, respectively ( Fig. 1(c) ). A shock (S2) was applied to the epicardial cell at the same pacing CL with the same s pore value. The DC shocks (S2) were applied to VM by the same τ pore value, which resulted in the lengthening of APD 90 from the basal value of 244.74 ms to 264.01, 427.10, 1711.25, and 4407.89 ms, respectively. Double spontaneous excitation was elicited for a τ pore value of 4000 ms ( Fig. 1(d) ).
The DC shock (S2) was applied at the 0-mV level plateauphase repolarization of AP in a previous study [15] . For shocks with τ pore values of 100, 400, 1600, and 4000 ms, the prolongations of the APD 90 of the 100th beat were 38.58%, 158.83%, 720.44%, and 1960.13%, respectively, compared to the APD 90 values of the 99th beat (data not shown).
When the shock (S2) with τ pore value of 100 ms and s pore values of 0.15%, 0.17%, 0.20%, and 0.23% and then it was applied at the timing occurrence for V max of the 100th beat to the endocardial cell, the APD 90 values were prolonged 9.10%, 92.61%, 654.72%, and 1887.15%, respectively. When the DC shock (S2) with the same values was applied to the epicardial cell, APs return to resting membrane potential that were slightly faster than those of endocardial cell, these prolongation of APD 90 values for the epicardial cell were 7.87%, 74.51%, 599.21%, and 1701.05%. For instance, for an applied shock (S2) at V max of the 100th beat with a low strength (τ pore = 100 ms and s pore = 0.23%), the difference in APD 90 was only 9.10% (303.79 ms at 99th beat and 278.44 ms at 100th beat), as shown in Fig. 1(c) . A high-strength shock applied to an epicardial cell tends to trigger EAD-like APs, whereas a high-strength shock applied to an endocardial cell is safe and efficient during a normal pacing CL of 1000 ms. To determine the timing of the shock during VT at CL = 250 ms, the V max , 0-mV level of plateau-phase AP, APD at 10%, 30%, 50%, 70%, and 90% of complete repolarization (APD 10 -APD 90 ), and the diastolic interval (DI) at 10%, 50%, and 90% (DI 10 -DI 90 ) were investigated (data not shown). It was found that a low-strength shock (S2) at V max terminated the VT.
Termination of ventricular tachycardia on the endocardial cell by low-strength shock
A low-strength shock applied to an endocardial cell is safe and efficient. DC shocks (S2) were applied at the 91st beat with consecutive 100th VTs in two places for the endocardial cell (Fig. 2) . The first place was at the 0-mV level of plateau-phase AP, as described in the study of Ohuchi et al. [15] . The VT could not be terminated (1:1) with a low-strength shock (τ pore = 100 ms and s pore = 0.23%) applied at the 0-mV level of plateau-phase membrane potential ( Fig. 2(a) ). However, a highstrength shock (S2) (τ pore = 4000 ms and s pore = 0.23%) resulted in the delay repolarization process (phase 3) (Fig. 2(b) ). When the DC shock (S2) with the low-strength shock (τ pore = 100 ms and s pore = 0.23%) applied at the V max, the VT with the ratio of S:R (1:1) was interrupted, therefore, the DC shock process corresponding to the S:R pattern of 2:1 ( Fig. 2(c) ). However, a high-strength shock (τ pore = 4000 ms and s pore = 0.23%) might generate tachyarrhythmia when it is conducted at the 0-mV level of plateau-phase AP or V max ( Fig. 2(d) ). Accordingly, the shock (S2) was applied at V max to examine shock-induced aftereffects during VT. To simulate VT, the pacing CL was shortened to 250 ms. A low-strength (τ pore = 100 ms and s pore = 0.23%) shock (S2) was applied at the time of V max of the 99th beat. The last three APs (98th to 100th beat) were plotted at the beginning time (t = 0 ms) from the train of 100 APs followed by a shock (S2) at the 99th beat.
When a DC shock (S2) with a fast pacing CL of 250 ms was incorporated into the endocardial cell, I pore played a dominant role in boosting the influxes and currents that prolonged repolarization, which resulted in a slow recovery to the resting membrane potential (RMP), as shown in Fig. 3(a) . As a result, the prolonged repolarization affected the last AP (100th beat) and was terminated through the slow recovery of AP (99th beat). The APD 90 of the 100th beat was shortened (248.32 ms at 99th beat, 53.01 ms at 100th beat). The amplitudes of I Na , I CaL , I to , and I pore of S1 (99th beat) were -97.05, -3.19, 0.36, and -0.26 μA/μF, respectively. Since the applied low-strength shock inhibited the activation of the final AP (100th beat), I Na , I CaL , I to , and I pore were -0.53, -0.08, 0.02, and -0.14 μA/μF, respectively ( Fig. 3(a) and Table 1) .
A DC shock (S2) with τ pore = 100 ms and s pore = 0.23% was applied at the 99th beat to the epicardial cell. Correspondingly, V max was reduced (29.20 mV at 99th beat, 28.62 mV at 100th beat) and APD 90 was shortened (231.73 ms at 99th beat and 204.46 ms at 100th beat). The I Na , I CaL , I to , and I pore values were -157.89, -2.68, 2.30, and -0.29 μA/μF, respectively. At the final AP (100th beat), the amplitudes of I Na , I CaL , I to , and I pore were -75.31, -4.25, 1.20, and -0.15 μA/μF, respectively (Fig. 3(b) and Table 1 ).
(a) (b) Figure 3 . DC-shock-induced aftereffects interaction between endocardial and epicardial VMs and low-strength shock (τpore = 100 ms and spore = 0.23%). The shock (S2) was applied at Vmax. Changes in (a) endocardial and (b) epicardial VM AP waveforms for spore value of 0.23% and τpore value of 100 ms. S1 indicates stimulus with short CL of 250 ms. 
Ventricular arrhythmias induced in epicardial ventricular myocyte by high-strength shock
A high-strength shock (τ pore = 4000 ms and s pore = 0.23%) electrically triggered EAD-type aftereffects. The prolonged repolarization affected the last AP (100th beat). Correspondingly, V max decreased (30.74 mV at 99th beat, 20.48 mV at 100th beat); the amplitudes of I Na , I CaL , I to , and I pore at the 99th beat were -97.05, -3.19, 0.36, and -0.80 μA/μF and those at the final AP (100th beat) were 0, -0.38, 0.00, and -0.81 μA/μF, respectively (Fig. 4(a) and Table 1 ). An aftershock at the 99th beat with the same strength (τ pore = 4000 ms and s pore = 0.23%) was used on the epicardial cell. Correspondingly, V max decreased (29.36 mV at 99th beat, 22.31 mV at 100th beat); the I Na , I CaL , I to , and I pore values were -157.89, -2.68, 2.30, and -1.02 μA/μF, respectively. The I Na , I CaL , I to , and I pore values at the final AP (100th beat) were 0.0001, -2.04, 0.06, and -1.03 μA/μF, respectively. Four spontaneous excitations appeared that was related to the high-strength shock. Significantly, I Na was blocked and I to activation was inhibited. In addition, the dramatic oscillation changes of AP resulted in I CaL being activated (Fig. 4(b) and Table 1 ).
Aftereffects of Ca 2+ ion dynamics
A low-strength shock (τ pore = 100 ms and s pore = 0.23%) with a short CL (250 ms) applied to the endocardial cell terminated VT. Figure 5 ] i slightly contributed to a release of Ca 2+ ions from the ryanodine receptor (J rel ), as illustrated in Fig. 5(a) . When the same conditions were applied to the epicardial cell, the AP was slightly prolonged at repolarization. ] JSR increased, which resulted in J rel increased, as illustrated in Fig. 5(b) .
(a) (b) Figure 5 . Ca 2+ ion dynamics during VT terminated between endocardial and epicardial VMs by low-strength shock (τpore = 100 ms and spore = 0.23%). The shock (S2) was applied at Vmax. Changes in (a) endocardial and (b) epicardial VM AP waveforms for spore value of 0.23% and τpore value of 100 ms. Gray line: no shock; black line: with shock. Figure 6 shows Ca 2+ ion dynamics during EAD-like potential change aftereffects after a high-strength shock (τ pore = 4000 ms and s pore = 0.23%). The high-strength shock resulted in profound ion interaction with the pore formation on the membrane. I CaL was almost inhibited; it was activated in a way similar to that for a low-strength shock applied to the endocardial cell. (Fig. 6(a) ). A high-strength shock applied to the epicardial cell triggered EAD-like potential changes ( Fig. 6(b) ). The dramatic potential changes affected the pore formation on the membrane, allowing I CaL to be slowly activated and gradually increase. ] i significantly contributed to the release of Ca 2+ ions from J rel , as shown in Fig. 6(b) .
(a) (b) Figure 6 . Ca 2+ ion dynamics during EAD-like AP changes and prolonged repolarization between endocardial and epicardial VMs by high-strength shock (τpore = 4000 ms and spore = 0.23%). The shock (S2) was applied at Vmax. Changes in (a) endocardial and (b) epicardial VM AP waveforms for spore value of 0.23% and τpore value of 4000 ms. Gray line: no shock; black line: with shock.
Kinetic parameters of L-type calcium current and inward sodium current
A low-strength shock, S2 (τ pore = 100 ms and s pore = 0.23%), was applied at the V max of the 99th beat, resulting in the AP of the 100th beat repolarizing slowly. The simulation shows that I Na was blocked. The slow activation of the m gate and the deactivation of the h and j gates occurred during electrical activities. After the AP recovered to RMP, the m gate returned to a deactivated state, with the h and j gates remaining in activated states. Due to the RMP of the AP of the 100th beat being low, the m gate was not activated, and the h and j gates were not reactivated. Therefore, the AP was interrupted. In addition, the amplitude of I CaL was significantly lower in the AP of the 100th beat aftershock. The low I CaL was caused by the prolonged deactivated d gate and the activated fca and f gates, which are voltage-and calcium-dependent. The low amplitude of AP could not be induced under a low-amplitude membrane potential. After the shock, I pore accumulated, making the membrane potential slowly recover to the RMP (Fig. 7) .
Applying a high-strength shock (τ pore = 4000 ms and s pore = 0.23%) to the epicardial cell resulted in EADs. Since I Na was blocked, the m gate oscillated depending on AP. However, the high-strength shock induced a high level of membrane potential, which kept the h and j gates deactivated. Moreover, the high level of membrane potential induced I CaL activation. Ca 2+ then accumulated in the myoplasm, which generated EADs. In the simulation, the fca and f gate deactivations were prolonged, which increased I CaL and the intracellular calcium level. The high-strength shock increased I pore , which permitted influxes and caused the membrane potential to dramatically oscillate (Fig. 8) .
(a) (b) Figure 7 . Kinetic parameters of sodium and L-type calcium channels after application of a low-strength shock (τpore = 100 ms and spore = 0.23%) to epicardial and endocardial cells. The shock (S2) was applied at Vmax. Changes in (a) endocardial and (b) epicardial VM AP waveforms for spore value of 0.23% and τpore value of 100 ms. S1 indicates stimulus with short CL of 250 ms.
Aftereffects of varying shock strengths during ventricular tachyarrhythmia on pseudo-ECG
Termination of ventricular tachycardia
The pseudo-ECG of one-dimensional strand model was simulated with a pacing CL of 350 ms to mimic VT. The last five beats of 30 consecutive pacing beats were recorded and began at t = 0 ms. After the pacing (S1), a DC shock (S2) with a low strength (τ pore = 100 ms and s pore = 0.23%) was applied at the V max of the 1st (endocardial) cell of the strand, as indicated by the downward arrow in Fig. 9(a) . Figure 9 (a) shows the onset of the last five beats (26th to 30th beats). S2 was applied at the V max of the 1st cell (29th beat), which resulted in prolonged repolarization that affected the next beat activation (30th beat), and then suppressed the 30th beat in the endocardial region (from 1st to 60th cell). Therefore, the 30th beat was suppressed to propagate AP to the mid-myocardial region next to the epicardial region. Significantly, the 30th beat of VT was terminated and observed in the pseudo-ECG. When the same low-strength shock (S2) was applied to the 165th (epicardial) cell of the 29th beat, it resulted in the termination of the 30th beat, as shown in Fig. 9(b) .
(a) (b) Figure 8 . Kinetic parameters of sodium and L-type calcium channels after application of a high-strength shock (τpore = 4000 ms and spore = 0.23%) to epicardial and endocardial cells. The shock (S2) was applied at Vmax. Changes in (a) endocardial and (b) epicardial VM AP waveforms for spore value of 0.23% and τpore value of 4000 ms. S1 indicates stimulus with short CL of 250 ms.
Triggering of EADs by high-strength shock
A high-strength shock (τ pore = 4000 ms and s pore = 0.23%) was applied to endocardial and epicardial regions. The shock (S2) was applied at the V max of the 1st (epicardial) cell of the 29th beat; the shock interrupted the 30th beat propagating; therefore, the after-effect following an EAD (spontaneous excitation) beginning in the endocardial region. The spontaneous beat propagated from the endocardial region to the mid-myocardial region, and then to the epicardial region. The pseudo-ECG showed that the 30th beat was terminated, further generating a spontaneous beat, as shown in Fig. 10(a) . When the same shock (S2) was applied to the 165th (epicardial) cell of the 29th beat, ventricular tachyarrhythmia was observed from the endocardial region to the mid-myocardial region, and then to the epicardial region. Ventricular APs with continuous oscillations appeared, as shown in Fig. 10(b) . A low-strength shock (τ pore = 100 ms and s pore = 0.23%) terminated VT and induced ventricular arrhythmia in the simulations with a one-dimensional model. A high-strength shock (S2) (τ pore = 4000 ms and s pore = 0.23%) applied to the endocardial region (1st cell) terminated VT, which was followed by a spontaneous excitation. Thus, ventricular arrhythmia was induced due to the application of a high-strength shock (S2) in the epicardial region.
By analyzing the aftereffects of high-strength shock on a ventricular model, Sakuma et al. reported that a strong shock ( > 15 V/cm) produces abnormal arrhythmogenic responses in ventricular muscle through a transient rupture of the sarcolemma membrane [16] . Ohuchi et al. found that the application of a high-intensity electric field causes arrhythmogenic responses through a transient rupture of sarcolemma with different subcellular events in ventricular cells under normal and pathological conditions [15] . They used the Luo-Rudy dynamic ventricular cell model [21] to examine shock-induced aftereffects [15] . The present study confirms previous findings and provides more details on the subcellular shock-induced events of ventricular cardiomyocytes.
Al-Khadra et al. [22] suggested that endocardial bundles are the most susceptible to electroporation and the resulting conduction impairment. Electroporation is associated with a reduction of vulnerability but not proarrhythmic effects. Kim et al. [23] noted that shock-induced electroporation was spatially dependent on the location and dimensions of the active region of the shock electrode. The overall extent of electroporation in the myocardial infarcted heart was comparable with that for the control heart, but the surviving anterior epicardial layers in the infarcted region were more susceptible to electroporation. The mechanism underlying this difference is unclear. Ashihara and Trayanova [24] found that electroporation is a result of high-density current shocks during the AP plateau. Ripplinger et al. noted that stable VT can be terminated using the unpinning method and that a 20-fold reduction in energy can be achieved as compared to conventional high-energy defibrillation. In addition, the unpinning method is more effective than the antitachycardia pacing (ATP) method to terminate stable VT [18] .
The mechanism of EAD was described by previous papers in other cell species [21, 25] . EADs were observed at the epicardial cell of the ORd model while applying the high-strength DC shock. This generated a peak amplitude of the I pore current which is higher in the epicardial cells than in the endocardial cells of ORd model using the same strength DC shock to terminate VT. I pore increased after the application of a DC shock to the epicardial cell. The intracellular Ca ] i further increased I pore , resulting in I pore,Ca being a dominant contributor raising the level of membrane potential through the pore on the cell membrane [15] . Furthermore, EADs were generated in the epicardial cell since the long resealing time (τ pore = 4000 ms) prolonged the time at plateau voltages, allowing I CaL reactivation. When the strength of DC shock was attenuated by a single-exponential function with a certain time constant (τ pore ), I CaL recovered and the EADs were eliminated. Our finding is in accordance with the simulation results reported by Ohuchi et al. [15] . They reported that a long resealing time (τ pore ) or big pore values on the membrane (s pore ) allowed I CaL reactivation to generate EADs during a high-strength DC shock [15] .
To mimic a stable VT, the pacing CL was decreased from 1000 ms to 250 ms, resulting in the peak I CaL being increased, which was attributed to the CaMK-phosphorylation induced facilitation [29] . According to a report by O'Hara et al. [13] , the differences are based on the transmural heterogeneity in between the endocardial (endo) and epicardial (epi) cell. The ratio 1.2 (epi/endo) were used to demonstrate the morphology of APs depending on three parameters P Ca , P CaNa , and P CaK for the I CaL of ORd model [13] . Therefore, the APD 90 for the Epi cell is slightly shorter than that of Endo cell. Moreover, the simulation parameters of (epi/endo) can be linked to these empirical experiment results, which have shown that the epi/endo ratio is around 1.7 [26] [27] [28] .
EAD was observed in the healthy human epicardial cell model in our study. The in vivo and in vitro study of the electrical shock effect to the cardiomyocyte membrane on AP is not easy to perform due to the possibility of thermal or physical injury after electrical energy delivery. This is why a computer simulation was used here to test our hypothesis. Experimental evidence that supports our findings is being sought.
Clinical implication and limitations
The computer simulations of electroporation on endocardial and epicardial cells show that the aftershock effect is more serious for the latter. In daily clinical practice, most of the defibrillation and electrical cardioversion during ventricular arrhythmias is performed by an external cardiovector defibrillator. The effectiveness and the timing of electrical shock delivered by the external cardiovector defibrillator needs further study. The results show that the best direction of electric shock delivery is from endocardium to epicardium cells. The safety of clinically used systems should be investigated and re-evaluated.
Conclusion
This study used computer simulation to investigate the pathogenesis of the electrophoresis in epicardial and endocardial human tissue. It was found that the aftershock effects of electroporation are serious for epicardial cells. It is suggested that the shock be applied before the V max of the epicardial cell AP in a multicellular one-dimensional strand model, i.e., before the ECG R wave spike. Since the computer simulation did not fully represent the actual electroporation aftereffects, further evaluation and study of in vitro and in vivo animal models should be conducted.
